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Abstract 
Electrical energy generation and its supply through electricity networks are mainly organized in a top-down, centralized manner. 
Energy consumption can be predicted quite accurately at a high level which enables to pre-scheduling of production by large 
power plants. Traditionally, only few actors are involved in the generation, trade, and transportation of electricity, but this is 
changing rapidly. The increasing share of decentralized renewable energy conversion in combination with new types of buyers 
and suppliers will drastically alter the operation of electricity infrastructure systems. It has to become smart: the Smart Grid or 
more general Smart Energy System. In order to minimize uncertainty in the balance between energy supply and demand it is 
necessary to develop realistic user demand, building and building services installations behavior and Smart Grid interaction. 
Monitoring the needs of individual users is necessary to predict future states of the demand for the SES (e.g. based on user 
behavior). The future consumer of energy can become a producer due to the decentralized renewable energy conversion. To 
control this dynamic and interactive prosumer process support is needed to optimize interaction between offices and Smart Grid. 
The article describes the first steps towards such system. 
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1. Introduction 
As concerns grow about the environmental cost and limited supply of fossil energy resources, so does the 
importance to society of carefully managing the energy resources available and of developing and implementing 
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alternative energy sources. The built environment is currently a major consumer of fossil energy, but it also has huge 
potential to contribute to the supply and management of renewable energy. In recent times, the energy consumption 
of the households decreased by 10%  whereas that of office buildings slightly increased by nearly 20% due to higher 
comfort demand especially for cooling and ventilation1. In the Netherlands there are around 78.000 office buildings 
representing a total floor area of 46 million sq. metres2. Offices use in total around 1420 MJ/sq. metres compared to 
around 880 MJ/sq. metres for households in the Netherlands2.  Analysis of 400 projects uploaded to the CarbonBuzz 
database demonstrates that, on average, most buildings consume 1.5 and 2.5 times that of the declared design stage 
calculations, and in the case of offices this anomaly largely arises from increased electrical energy use3. Buildings 
and building services systems must be operated in a robust way; this implies that behavior by occupants must not 
result in great variations of the energy consumption in the buildings. Overall, both the electricity use and gas 
consumption of office buildings are increasing slightly, despite the 2020 targets set by the EU, which call for a 20% 
reduction in energy use by the year 20202. Breakthroughs need to be achieved in the field of process control for 
storage, demand and distribution of heat and electricity. Smart adaptive control of energy consumption and 
generation inside (nano-Grid) and around buildings (micro Grid) can provide major contributions to address the 
imminent energy problems within the total energy infrastructure (Electricity as well as the Gas distribution). Large-
scale integration of Renewable Energy Sources (RES), being widely dispersed and of a highly stochastic nature, 
challenges the current power system in balancing power supply and demand at all times. The traditional centralized 
electrical energy supply within the built environment has to change to cope with the decentralized generation from 
renewable energy source such as Photo Voltaic panels. The growing policy attention for the application of more 
renewable energy systems will have large effects on the electricity system as a whole. The transformation can 
loosely be referred to as the development of smart grid. Smart grid can be defined as an upgradable electricity 
network often occurring at the low voltage region of distribution and that is enabled  for multi-directional 
communication between sources, loads and components in such a that that electrical resources are cooperatively and 
economically utilized4-6. Specifically key components of the smart grid network are distributed power generators, 
load and supply abstraction points (for example a building or community of buildings), intelligent metering and 
monitoring system, electricity markets (which is often tariff based and auction based), communication infrastructure 
(including an elaborate software system and hardware) and the physical infrastructure for power abstraction and 
feed-in.  This substantially differs from the legacy power system in terms of its digitized nature, multi-directional 
high flow of information and power between actors and components and reliance on pervasive and intensive control 
system that is critically time bound (almost real time) amongst other characteristics. Benefits of the smart grid are 
touted as5-7: 
 
x Informed customer participation in providing grid support services cost effectively 
x Integration of distributed generation and storage resources in a manner considers power system reliability 
x Enables development of new market products that are reliant on proper definition and management of energy, 
capacity, location, time, rate of change and quality. 
x Due to superior asset management strategies in form of self-healing and proactivity, smart grids provide great 
resiliency to disturbances, attacks, natural disturbances or any form of service interruption. 
x Smart grids optimize asset utilization and ensure greater operation efficiency due to associated dynamism and 
cooperative approach. 
 
Smart grid can be conceptualized as a system of systems made up of the following domains: the user (human 
beings), nanogrids, microgrids, and connected to the traditional legacy power system.  The user is important due to 
the fact that the building has to provide him with required comfort for dwelling or productivity. Comfort in this case 
could be measured in terms of PMV and PPD values (with -0.5 <PMV>0.5 and PPD < 5% considered as most 
comfortable and -1 <PMV>1 and PPD < 10% as acceptable) 8. The user is thus a very crucial link as all the energy 
use motivation can be ultimately traced to his defined preferences, behaviour and performances. Nanogrids are 
defined by Nordman9 as manifestations of smart grid concept applications at low voltage levels often distinctive in 
terms of: (1) their singularity in power quality or reliability requirement (2) use of only one entity to control power 
inflow and the adjacent grids and (3) absence of complex optimisation systems. 
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Fig. 1. Relationship between occupants and buildings conform Annex 6611. 
 
Our use of the term ‘nanogrid’ is inclusive of the electrical energy system at building level. Microgrids are 
clustered loads and micro sources (often <100 kW) managed using single control to realize smart grid aims12; these 
aims may include integration of distributed generations and optimal energy management through a decentralised 
approach within realities of existing legacy grid infrastructure6, 12, 13. In this paper interlink between user, nano-grid 
(buildings), microgrids and legacy power systems the ‘Smart Energy Systems’ (SES). In the overall, SES also 
performs additional tasks such as: internal supply/demand matching: energy management for component individual 
consumers and producers, internal monitoring, managing, and controlling of states and coordination of the interplay 
between component energy sources. SES is interwoven by two main equipment may be singled out as highly 
significant: the smart meter and building comfort and energy management systems. The smart meter is tasked with 
informational coordination and analysis between the legacy power grid, microgrid, building and electricity market; it 
can be described as inclusive of automated meter reading (AMR and automated metering infrastructure (AMI).  
AMR automatically read utility consumption data on demand then transmits them onwards for billing purposes14 
whereas AMI collects the utility consumption data and analyses to allow consumer side participation in the market.15 
The smart meter lack overview on building processes in addition to the fact that they are still highly 
developmental16. 'Building comfort and energy management systems' (BCEMS)  use advanced information, 
communication and control technologies to maintain comfort and safety. BCEMS also cost effectively perform 
energy management in a distributed decision making framework17. Obayashi and Tokunaga18 suggest an array of 
desirable features for an ideal BCEMS. These include flexibility, distributed intelligence, openness and 
interoperability embedded control system for local parts and user centeredness18. Even though this suggestion was 
made before the advent of practical smart grid concept as we know it today, it fully captures the adaptation required 
for BCEMS to ensure that buildings take full advantage of possible benefits from the smart grid. These features 
could enable such a BCEMS to complement the smart meter in integrating buildings with the grid. 
Traditionally top down organized energy supply in electricity networks has to cope with decentralized renewable 
energy production. Energy consumption can be predicted quite well, and large power plants pre-schedule their power 
generation based on this. However an increasing share of energy generation at building level introduces complexities 
and uncertainties that have to be factored in operations. It is also noted that the current infrastructure and auxiliary 
services are all designed and built to support the traditional power grid system19. This adds to other challenges and 
complexities of the smart grids; other complexities include the challenge of integrating distributed generations, 
dynamically changing technologies and diminished interoperability of systems5, 19. Also the behavior of individual 
users has to be incorporated, makes everything even more complex. Electricity supply thus becomes more difficult 
to plan. Traditional simulation methods have reached their limits and new approaches have to be developed to deal 
with the growing complexity. The behavior of occupants in buildings, such as adjusting thermostat for comfort, 
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significant impact on real energy use in buildings. However the influence of occupant behavior is complex (they are 
stochastic and multi-disciplinary, see Fig. 1). Trying to integrate the human in the process control loop occupant 
behavior and its impact on use of building technologies and energy performance of buildings is crucial to operation 
of buildings. 
2. An integral approach: top-down, middle-out and bottom-up 
We conceptualize SES in the perspective of internet of things (IoT) and general systems theory. IoT is a 
conceptualization of every object as part of a network which aims at active interaction 20.This is enabled through a 
mesh of wireless sensor network seamlessly connecting spaces, objects, sensors, actuators, knowledge systems and 
human beings to an information and communication infrastructure21. IoT thrives on interoperability, trustful and 
secure environments, and low computation and energy capacities20. For SES this implies having to contend with 
existing dedicated networks such as KNX, EnOCEAN, Lonworks and BACnet at nanogrid level and their integration 
using radio frequency identification, wireless sensor network and wireless sensor network middleware on an internet 
protocol backbone21. An integrating framework for the energy optimization of the built environment is presented 
based on a hierarchical functional decomposition.  To optimize the energy infrastructure in the built environment, an 
integral approach based on general systems theory based on initial framework of Blanchard and Fabrycky22 is 
proposed for use23, 24. This method uses hierarchical functional decomposition and division into different levels of 
abstraction to cope with the complexity of the energy infrastructure of the built environment:   
 
• building level (possible energy supply from micro Grid, nano Grid and RES),  
• Room level (energy need depends on outside environmental conditions and internal heat load),  
• Workplace level (workplace conditions and energy needs from appliances), and  
• Human level (different comfort needs of individuals). 
 
This is detailed in Fig. 2. The process control infrastructure within office buildings is handled by BCEMS. The 
functionality of BCEMS will be extended through a middle-out approach. This would address the limitations 
observed by Hurtado et al.25 and Yang and Wang26: non consideration of individual end-user’s consumption 
behaviour and difficulty in integration of user behaviour into advanced autonomous and decentralized agent-based 
control technologies. As mentioned by Bloem and Strachan27 a top-down approach could give the boundaries for 
energy consumption related to occupancy behaviour, this makes it important to include the top down approach in the 
combinative solution. Identifying the specific building energy consumption from available measured data could 
support the optimization of energy balancing. In the longer term, bottom-up research should give more insight in 
important aspects related to occupancy behaviour in a wider urban related energy consumption context (including 
transport, living-work relationships) 27. There is a different focus on the processes that occur in the building, which 
also depends on the strategy that is leading: bottom-up (user orientated), middle out (building services systems 
orientated) and top-down (Smart Grid). Based on each of these approaches the results and insights are used to 
specify specific functionalities for the agents of the multi-agent platform. This is illustrated in Fig. 3 which is based 
on Kolokotsa et al.28 and Kofler et al.29.  
In an attempt to provide a roadmap for realisation of net zero energy building objectives, Kolokotsa et al.28 
outlined the critical steps as ensuring adequate thermal insulation, using innovative shading devices, fitting energy 
efficient services building equipment, integration of renewables in building energy use and intelligent energy 
management in a manner that ensures real time measurement, feedback and optimization of actual performance. 
However, Kolokotsa et al.28 does not outline the modalities and details of achieving the stated pathway. Taking cue 
from that SES require dynamism and flexible operations, we adapt the framework of Kofler et al.29 as ideal for 
realisation of the pervasive control envisioned by Kolokotsa et al.28. 
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Fig. 3. Functional orientation of the Smart Energy Control, Smart grid control and User Interaction 28, 29 
 
To study the possibilities and restrictions using a Building Energy Management System (BEMS) for the 
information exchange between building and Smart Grid a middle-out approach was chosen. This middle-out 
approach is from the interface towards the SG and towards the BEMS and focuses on the communication and 
interaction between the SG and the BEMS. This approach also deals with the actual comfort and energy demands of 
the user and optimization of the energy flows. In the process the user has the leading role by setting the desired 
inside climate conditions. The energy demand of buildings is related to the physics of the building, the 
environmental climate, and significantly to the specific control scenario for indoor environment and building 
operations. According to Martani et al.30 there have been no attempts to develop a general model predicting the 
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temperature, and how these choices depend on the range of key environmental stimuli.  In addition, user's 
preferences are considered as a vital factor in deriving the appropriate control strategy.31  
The building systems control strategy relies on code defined occupant comfort ranges32 and operate according to 
fixed schedules and a constant occupancy. This is inefficient in their energy usage for maintaining occupant comfort 
as they do not in-cooperate the effects of real occupant behavior. Li et al.33 identifies a number of control strategies 
based on accurate building occupancy: 
 
• Lowering and reducing temperature in unoccupied areas during winter and summer periods respectively 
leads to overall building energy reductions34 ; 
• Maintaining lower ventilation rates in unoccupied areas; leading to less ventilation losses and building 
energy needed; 
• Supplying airflow based on occupancy; Yang et al.35 and Sun et al.36 revealed that demand based dynamic 
airflows could achieve 15% to 56% reduction of ventilation energy; 
• Responding to dynamic heat loads on a timely manner; if a change of the occupancy is detected in real 
time, associated changes of internal heat loads can be calculated, HVAC systems can respond to these 
changes immediately, before the temperature varies to an extent that is detectable by thermostats. 
 
As part of making the built environment ready for the smart grid, we undertook a proof of concept experiment at 
an office building in the Netherlands. In this experiment, the building’s air handling unit was flexibly operated to 
determine possible energy advantages in smart grid scenarios.  The results of this experiment are used here to 
illustrate the requirements needed for ensuring that the built environment was ready for SES. 
3. The Case Study 
The case study was conducted on an office building with a floor area of approximately 1500 m² with over 40 
occupancy population. The operation schedule between: 7:00 and 18:00 for 5 working days of the week. The 
building was fitted with air handling unit (of 15.000 m³/hour ventilation capacity), heat recovery wheel (no 
recirculation of air), central cooling system functionally divided into three cooling zones, a gas fired boiler for 
hydrophonic heating arranged into 2 zones and an electrical steam humidifier (see Fig. 4). In the experiment, room 
conditions were monitored for offices on the first floor as operational settings were adjusted. The HVAC control 
unit, controls the building systems by sending the control signals, supplies the electrical power to the fans and 
pumps, and facilitates the communication signals to the BAS and all connected components. In order to evaluate the 
characteristics of the energy use of the installed systems measurements were done. All energy use profiles together 
form the total energy use profile as presented in Fig. 7. Continuous main base load of the office building is about 4 
kWh/h; this is represented by 'A' in Fig. 7. The maximum power use measured by the main connections I + II during 
the project is 36 kWh/h, this is represented by 'B' in Fig. 7. The main energy use profile during the day looks quite 
stable (see profile C) while some profiles of appliances can be clearly seen in the total profile.  
Profile D represents the early start scenarios for the Chiller. The Energy use profiles of the Chiller are also clearly 
visible (E) in Fig. 7.Energy efficiency scenarios for the HVAC, lighting, and remaining have the biggest potential 
since the energy use of these groups are main pieces of the total consumption. Energy consumption by chiller and 
humidifier are more dependent on the weather conditions and with this the time of year. Even with the chiller active 
(week 36), the lighting and remaining consist each of 30 % of the total energy consumption. Compared to the ratio 
of the installed capacities, see Fig. 5, where lighting only consists of 11% of the total installed capacity, the energy 
consumption by lighting is a relative big share. 
 
3.1. HVAC Air Handlings Unit 
Fig. 6 shows two different energy profiles for the HVAC control unit, the left profile contains the Monday 
morning early start setting, and the right shows the profile with active night ventilation. As can be seen from this 
figure, the maximum energy use by the system is 6 kWh and minimum is 0 kWh. In the right figure the energy use 
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by night ventilation can clearly be seen due to the energy use from 0:00 hr. till 6:00 hr. The energy consumption due 
to night ventilation is maximum 5 kWh. This gives an insight in the amount of energy use by the fans compared to 
the other components powered by the HVAC control unit. The left figure shows an early start, as the clock program 
lets the building systems start up earlier on Monday morning. Fig. 7 presents the energy profiles as shown in Fig. 6 
plotted in a 3D plot. Here the energy profile with night ventilation versus the normal day profile can be seen more 



















Fig. 4. Simplified representation of the electrical connections from Mid Voltage grid to building and percentage of total installed electrical 



















Fig. 5. Total energy use profiles stacked by date. 
 
3.2. Experiment: Fan power reduction 
The ventilation supply is divided into 3 groups respectively; north, south and the drawing room. The building is 
mechanically ventilated by a central air handling unit (AHU) with a steam humidifier and heat recovery wheel. The 

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air is supplied and extracted through the ceiling in the different rooms. The main task for the ventilation system is 
supplying fresh air for a healthy work environment and thus to keep the CO2 levels within acceptable limits. 
During the experiment, CO2 concentrations were measured for room A and B during the month July and August 
as the reference situation. The measured CO2 concentrations in July and August remained almost 75% of the 
working hours below 600 ppm and never exceeded the 750 ppm. These measurements indicate the ventilation 
system provides sufficient ‘fresh’ air from outside. The mean and median CO2 concentrations for August 2013 are 
higher compared to July. This can be explained by the lower occupancy numbers during July due to the summer 










































Fig. 7 HVAC control unit energy use profiles stacked by date. 
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The AHU fans at the test building are powered by HVAC control unit. The energy consumption for the AHU 
fans when on active duty is 5 kWh/h as shown by the difference in day operation and night ventilation. In the 
experiment the HVAC unit capacity was nominally reduced by 25% and direct influence on associated energy 
consumption and comfort conditions noted. Influence of the ventilation capacity reduction on indoor temperature 
was however not monitored conclusively. Results showed that the building systems maintained desired indoor 
temperatures during the experiment.  Results on direct influence of ventilation capacity reduction on the CO2 
concentrations during the experiment are presented in Fig. 8. An increase of almost 200 ppm is almost directly 
noticeable for 'room A' (1 person office). Results on associated energy use reduction as measured during the 
experiment are shown in Fig. 9; a reduction of 2 kWh/h is noticeable on a total energy use of 5 to 6 kWh/h. 
4. Discussion and Conclusions 
For an optimal Smart Grid from a system of systems point of view, the BCEMS has to be coupled with the 
management platform of the grid38. The control of loads in the building may also be a resource to the grid using the 
flexibilities in service of the grid in Demand Side Management (DSM) scenarios as so called Demand Response or 
Load Control39. However, these flexibilities remain largely undefined with respect to interactions with the power 
grid. Also, the development of the Smart Grid is still at an early stage and some parameters are yet to be fully 
defined with respect to interactions with NanoGrid. With the development of a communication platform between the 
BEMS and Grid Energy Management System (GEMS) both systems get more interconnected and thus more 
dependent from each other. The present choices made in energy management have the capacity to; affect future 
choices39. This means goals and functionalities of both coupled energy management systems have the potential to 
























Fig. 8. Supply fan speed in rpm and CO2 concentrations in ppm for room A, a reduction of fan speed and ventilation rate causes the CO2 
concentration to rice by 200 ppm. 
 
For the built environment, the present situation provides an opportunity to prepare for the idealized Smart Grid 
New strategies of energy management, building management, and comfort management have to be developed to 
anticipate on the coming possible changes on Demand Side Management using Demand Response and Load 
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Control. This study is a first step towards the evaluation of the possibilities for adapting the consumption patterns of 
an office building and the impact of energy management with grid interaction.  
The insights gained from the modeling of the energy demands on the different levels of a building and its 
surroundings is a first step in formulating a concept for the monitoring and management of the energy flows in the 
nano-Grid and micro Grid in a more detailed and accurate way. The viability of these solutions will be investigated 















Fig. 9. Supply and exhaust fan speed in rpm (left) and HVAC control unit energy consumption kWh/h (right), of fan speed and ventilation rate 
causes the hourly energy consumption to decrease by 2kWh/h. 
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